The electrochemical corrosion behavior of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution was examined using potentiodynamic polarization techniques. The Ag content in the alloy was varied from 1 to 4 wt%. The polarization curves obtained for the alloys show an active-passive transition followed by a transpassive region. Sn-XAg-0.5Cu alloys with higher Ag content (>2 wt%) show a strong tendency toward passivation. The passivation behavior has been ascribed to the presence of both SnO and SnO 2 on the anode surface. Increase in Ag content from 1 to 4 wt% results in a decrease in the corrosion-current density (I corr ) and linear polarization resistance (LPR) of the alloy. Nevertheless, the corrosion potential (E corr ) shifts toward negative values, and a decrease in corrosion rate is observed. The presence of Cl − ion initiates pitting and is responsible for the rupture of the passive layer at a certain breakdown potential. The breakdown potential (E BR ) decreases and shifts toward more noble values with increase in Ag content in the alloy. Surface analyses by x-ray photoelectron spectroscopy (XPS) and Auger depth profile studies confirmed the formation of both Sn(II) and Sn(IV) oxides in the passive layer.
The electrochemical corrosion behavior of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution was examined using potentiodynamic polarization techniques. The Ag content in the alloy was varied from 1 to 4 wt%. The polarization curves obtained for the alloys show an active-passive transition followed by a transpassive region. Sn-XAg-0.5Cu alloys with higher Ag content (>2 wt%) show a strong tendency toward passivation. The passivation behavior has been ascribed to the presence of both SnO and SnO 2 on the anode surface. Increase in Ag content from 1 to 4 wt% results in a decrease in the corrosion-current density (I corr ) and linear polarization resistance (LPR) of the alloy. Nevertheless, the corrosion potential (E corr ) shifts toward negative values, and a decrease in corrosion rate is observed. The presence of Cl − ion initiates pitting and is responsible for the rupture of the passive layer at a certain breakdown potential. The breakdown potential (E BR ) decreases and shifts toward more noble values with increase in Ag content in the alloy. Surface analyses by x-ray photoelectron spectroscopy (XPS) and Auger depth profile studies confirmed the formation of both Sn(II) and Sn(IV) oxides in the passive layer.
I. INTRODUCTION
Lead-bearing solders, and especially the eutectic or near-eutectic Sn-Pb alloys, have been used extensively in manufacturing because of their unique combination of material properties and low cost. [1] [2] [3] [4] [5] However, increasing environmental and health concerns about the toxicity of lead, as well as the possibility of legislation as described in the WEEE proposal 6 limiting the use of lead-bearing solders, have stimulated substantial research and development efforts to discover substitute, lead-free solder alloys for electronic applications. Thus, the development of lead-free solders with similar microstructure stability and mechanical properties as eutectic Pb-Sn solder is in progress. These solder alloys are mostly based on Sncontaining binary and ternary alloys. Several elements have been selected as the major alloying elements such as Ag, [7] [8] [9] [10] [11] [12] Bi, 13, 14 Zn, [15] [16] [17] Cu, 18, 19 and some other minor additions such as Sb 20 and In. 21 Among the various alloy systems being considered as lead-free solder candidates, Sn-Ag-Cu alloys have been recognized as the most promising ones because of their excellent reliability and compatibility with current components, many of which have Sn-Pb surface finish. The benefits of this alloy system are its slightly lower melting temperature compared with Sn-Ag binary eutectic alloy and its generally superior mechanical properties as well as relatively good solderability. Thus, Sn-Ag-Cu alloys have recently attracted considerable attention and have been proposed by the Japanese (Sn-3Ag-0.5Cu), 22 the European Union (Sn-3.7Ag-0.7Cu), and the United States (Sn-3.9Ag-0.6Cu) consortia 23 to replace Sn-Pb eutectic solder. Zhao et al. 24 studied the influence of aging time on the microstructure and mechanical properties of Sn-3Ag-0.5Cu and Sn-3Ag-0.5Cu-3Bi solders. They observed that after aging treatment, Sn-3Ag-0.5Cu alloy showed significant change in strength and elongation that resulted from the coarsening of Ag 3 Sn and Cu 6 Sn 5 intermetallics. Kim et al. 25 investigated the effect of intermetallic compounds on the mechanical properties of Sn-Ag-Cu solder joints. They noticed that high-Ag content alloys exhibited the formation of large Ag 3 Sn platelets especially at the solder-reaction-layer interfaces, regardless of the kind of substrates. For the corrosion research on Pb-free solders, it has been reported 26 that the presence of Bi in Sn-Bi solders slightly increased the preferential dissolution of Sn in H 2 SO 4 solution and dramatically accelerated the dissolution in HNO 3 solution, compared with that of pure tin. Oulfajrite et al. 27 have reported that an increase in Ag content in Sn-Ag-In solders increased the corrosion resistance in 3 wt% NaCl solution, whereas the In content did not have a significant effect on the corrosion parameters of the alloy. However, no detailed studies have been made on the electrochemical corrosion behavior of Sn-Ag-Cu solder alloys with varying Ag content.
The present study focuses on the electrochemical corrosion behavior of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution. A NaCl solution was used to simulate seawater conditions that the electronic assemblies may encounter during marine operation.
II. EXPERIMENTAL PROCEDURE
Alloys of Sn, Ag, and Cu were prepared from pure elements (greater than 99.9% pure). The Ag content in the Sn-XAg-0.5Cu alloy varied from 1 to 4 wt%. The constituent elements were weighed and melted in a quartz tube with an inside diameter of 8 mm under an argon atmosphere as reported earlier. 28 The molten alloys were homogenized at 800°C for 3 h, cooled to 250°C, and then water quenched to room temperature. The constituents of the alloy were then weighed and melted in a crucible followed by natural cooling in air. The alloy thus formed after cooling was polished with SiC paper of grade ranging from 240 to 2000. The specimen was then dried and placed in the test cell as a working electrode. The counter-electrode was a Pt wire, and the reference electrode was a Ag/AgCl electrode saturated with KCl. The effect of Ag addition on the corrosion behavior was investigated through potentiodynamic polarization measurements in 3.5 wt% NaCl solution at a scan rate of 1 mV/s. The polarization studies were carried 900 mV above and 900 mV below the corrosion potential (E corr ) in the potential range of −1700 to + 110 mV. The solution used was deaerated with N 2 for 1 h prior to the start of the polarization experiments.
A scanning electron microscope (SEM) JEOL JXA-840 (JEOL House, Silver Court, UK) and an energydispersive spectrometer (EDS) Oxford INCA Energy 400 (OxfordShire, UK) were used to analyze the corrosion products formed in the course of electrochemical experiments. Electron probe x-ray microanalyzer (EPMA) was performed on the same specimens used for the SEM observations. The specimens were examined at 15 kV using an EPMA-1600 (Shimadzu, Kyoto, Japan). The surface chemical states of samples after polarization studies were analyzed using an x-ray photoelectron spectroscopy (XPS) on an ESCA LAB 210 system (V.G Scientific Limited, Sussex, UK). In the XPS spectrometer, Al K␣ radiation (h ‫ס‬ 1486.6 eV) was used with a power of 200 W, and a beam diameter of 5 mm was fixed. The binding energies (E b ) of the metallic and oxide states of Sn 3d 5 , Ag 3d 5 , O1s, Cl 2p, and Cu2p 3 were referenced to E b of C 1s at 284.6 eV, recorded from graphite. Typical detection limits for XPS were between 0.1% to 1.0% depending on the element and the sample.
Auger electron spectroscopy (AES) measurements were carried out on a MicroLab 310 D system, V.G Scientific Limited, with a primary electron beam of approximately 100 to 200 m in diameter, an energy of 3 × 10 3 eV, and a current of 0.7 A. Depth profiling was carried out by sequential Ar + ion bombardment, using a primary beam of 0.75 A cm 2 . The sputtering rate was calibrated to be 1 A/s by etching a Si sample covered with SiO 2 film of known thickness. The atomic concentration reported in our present study was calculated by using pHI sensitivity factors from the VG Scientific Auger Handbook.
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III. RESULTS AND DISCUSSION
A. Polarization behavior Figure 1 shows typical potentiodynamic polarization curves recorded for Sn-XAg-0.5Cu solder alloy with various Ag content at a scan rate of 1 mV/s and 25°C. Corrosion parameters such as corrosion potential (E corr ) and corrosion current (I corr ) were estimated from the intersection of the anodic and cathodic Tafel lines. The linear polarization resistance (LPR) was determined from the slope of the polarization curves in the potential range from −50 to 50 mV from the corrosion potential. Table I represents the effect of Ag on the corrosion parameters obtained by the polarization of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution. From the table it can be noted that FIG. 1. Potentiodynamic polarization curves for Sn-XAg-0.5 Cu alloys in 3.5% NaCl solution.
U.S. Mohanty et al.: Electrochemical corrosion study of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution the corrosion potential of Sn-XAg-0.5 Cu alloy shifts slightly toward negative values (−814 mV) with increase in Ag content to 2 wt%. However, further increase in Ag content to 4 wt% shows a progressive decrease in E corr value to −636 mV. These changes are also reflected in the corrosion-current density (I corr ) and LPR of the threeelement alloy. Furthermore, an increase in Ag content also results in a decrease in the corrosion rate of SnXAg-0.5Cu alloy. To get a clear picture of the change of corrosion parameters with Ag content, a plot of E corr versus Ag content and corrosion rate versus Ag content are shown in Figs. 2 and 3 , respectively.
Since all corrosion tests were conducted in deaerated NaCl solution, the only feasible cathodic reaction is the hydrogen evolution
The anodic excursion exhibits active/passive transition. The active dissolution region for Sn-1Ag-0.5Cu solder involves a well-defined anodic peak (B) at −810 mV ( Fig. 1 , curve A) that is also referred to as the corrosion potential (E corr ) as described previously. However, the potential of the dissolution peak B shifts to around −636 mV with an increase in Ag content to 4 wt% (Table I) . Within the active dissolution region, Sn present in SnXAg-0.5Cu alloy takes priority in dissolution. This is also evident from the standard electrode potentials of Sn, Ag, and Cu mentioned in Table II . 30 It has been reported 31 that Sn-3.5Ag and Sn-0.8Cu alloy exhibits the same dissolution characteristics as Sn, and in these solders the element Sn dissolves faster than others. Since NaCl solution is neutral, hence, the anodic dissolution process might take place by the following scheme 32 Sn
FIG. 3. Effect of Ag content on the corrosion rate during potentiodynamic polarization of Sn-XAg-0.5 Cu alloys in 3.5% NaCl solution. U.S. Mohanty et al.: Electrochemical corrosion study of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution followed by the formation of Sn(OH) 4 species according to
Sn(OH) 4 is highly insoluble which precipitates giving rise to a passivating film. The stability of the film formed increases with dehydration reaction 33 as described below:
When the concentration of tin oxide at the anode surface exceeds its solubility product, the precipitation of solid oxide occurs on the electrode surface, suggesting that the formation of the passive film might have taken place through a dissolution precipitation mechanism. The potential C where the current density is found to be maximum is referred to as the passivation potential (E pp ), 34 and the current at this potential is referred to as the critical current density (i cc ). Further scanning the potential from point C toward D shows a slight decrease in current density that tends to remain constant with increase in potential. This indicates the onset of passivation where the surface is found to be entirely covered with thin film of oxides of both SnO and SnO 2 . The formation of tin oxides is confirmed later by Auger and XPS studies.
The current at point D in Fig. 1 is referred to as the passivation-current density (i p ). Table I displays the E pp i cc , i p values for Sn-XAg-0.5Cu solder polarized to +110 mV in 3.5% NaCl solution. The table shows that Sn1Ag-0.5Cu alloy possesses the highest i cc value compared with other solders. It is well known 35 that to promote metal passivity a large value of i cc is required to produce enough metal cations to form passive film. In the present case, Sn-1Ag-0.5Cu solder, despite having a higher value of i cc (0.040 mA/cm 2 ), has an almost similar value of i p (0.039 mA/cm 2 ), suggesting that the ability to passivate has decreased. A careful analysis of the results in Table I and Fig. 4 tells us that the difference between i cc and i p remains very low for Sn-1Ag-0.5Cu and Sn-2Ag-0.5Cu solders over a small range of potential (E pp -E bd ). However, for the alloy containing 3 wt% Ag a broad potential range is obtained, and a significant difference exists between the i cc (0.024 mA/cm 2 U.S. Mohanty et al.: Electrochemical corrosion study of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution stability and protective nature of the passive film. This suggests that the passivation ability of Sn-3Ag-0.5Cu and Sn-4Ag-0.5 Cu alloys is better than that of the other alloys. A compositional change from Sn-3Ag-0.5Cu to Sn-4Ag-0.5Cu does not significantly improve the passivation properties of the alloy as observed from the (E pp -E bd ) and (i cc -i p ) values. Nevertheless, a decrease in the corrosion-current density and a shift in the corrosion potential toward more noble values are noticed. The passivity of Sn-XAg-0.5Cu alloy might be due to the formation of thin film of oxides of both SnO and SnO 2 on the anode surface. Tanaka et al. 31 has observed that SnO 2 contributed to passivity during electromigration of Sn-3.5Ag solder. Though addition of Ag to the alloy increases the passivation ability of Sn-3Ag-0.5Cu and Sn-4Ag-0.5Cu alloys, neither Ag nor its oxide contributes to the formation of the passive film because the less noble element Sn undergoes preferential dissolution and forms an oxide film near the passive region.
SEM micrographs in Figs. 5 and 6 show the microstructure Sn-1Ag-0.5Cu and Sn-4Ag-0.5Cu alloys polarized to point D. The microstructure of Sn-1Ag-0.5Cu polarized to −474 mV (point D, Fig. 1) shows that tin oxide is formed nonuniformly on the surface of the alloy along with Cl in region A in Fig. 5 . A pit or a crack is observed at region B, and point D (Fig. 1) is referred to as the pitting potential or the breakdown potential (E pit or E bd ) where the current starts to increase rapidly with increase in potential in the anodic direction to point E (Fig. 1) . The rapid rise in anodic current density at E pit indicates initiation and growth of pitting attack. Breakdown of the passive layer and initiation of pitting attack can be ascribed to the competitive adsorption between Cl − and oxygenated species at adsorption sites on an oxide-covered layer. 37 The adsorbed Cl − ions can penetrate through the passive layer especially at its point defects and flaws with the assistance of high electric field across the passive film to reach the base metal surface and initiate pitting. 38 As noted in Table I , the pitting or breakdown potential (E bd ) for Sn-1Ag-0.5Cu alloy is found to be −474 mV. A pitting potential at around −430 mV 39 was also noted while studying the corrosion behavior of Sn-3.8Ag-0.8 Cu U.S. Mohanty et al.: Electrochemical corrosion study of Sn-XAg-0.5Cu alloys in 3.5% NaCl solution alloy in 1 M NaCl solution. With an increase in Ag content to 4 wt%, the breakdown or pitting potential tends to shift toward more positive values (−335 mV), indicating an inhibition of pitting corrosion. This is shown clearly in the SEM picture in Fig. 6 , where the number of pitting sites is reduced for Sn-4Ag-0.5Cu alloy polarized to point D. It is also noticed that the outer surface of the alloy is uniformly covered with white incrustations of SnO 2 or SnO (region AЈ). The presence of this oxide film provides stability and increases the corrosion resistance (LPR) of the above alloy (Table I) .
EPMA analysis was performed on the surface of the Sn-4Ag-0.5Cu alloy polarized to the end of the electrochemical experiment (point E). EPMA results in Figs. 7(a) and 7(b) reveals that the surface of the alloy is mainly composed of Sn and Cl. Thus the corrosion product formed at point E might be SnCl 2 . Chang et al. 40 have also observed a similar sheet-shaped corroded product on Sn-3.5Ag solder alloy and found it as SnCl 2 . The EPMA results indicate that a lesser amount of oxygen is present on the surface of the alloy. It has been reported by the same authors 40 that SnCl 2 can absorb O 2 from air to form insoluble oxychloride. Hence SnOCl 2 might form on the surface of the alloy at the end of the electrochemical experiment. Cu and Ag are, however, present in insignificant amounts on the surface of the Sn-4Ag-0.5 Cu alloy.
B. Surface analyses by XPS and AES
XPS analysis was carried out on the surface of SnXAg-0.5Cu alloy to investigate the formation of oxide film in the passive region as mentioned in Sec. III. A. Figure 8(a) shows the XPS spectrum for Sn-4Ag-0.5 Cu alloy polarized to −335 mV (point D, Fig. 1 ). The XPS spectrum shows a prominent Sn 3d 5 peak and an O 1s peak, respectively. The other peaks, i.e., Ag 3d 5 , Cl 2p, and Cu 2p 3 show low intensities in the XPS spectra. To get detailed information on the XPS spectrum, peaks for Sn 3d, O 1s, and Cl 2p with their corresponding binding energy (BE) values are displayed in Figs. 8(b), 8(c) , and 8(d). The XPS spectra for Sn 3d reveals two peaks, i.e., one major peak corresponding to Sn 3d 5/2 at 485.77 eV and a minor Sn 3d 3/2 peak at 494.6 eV. Theoretically, the actual binding energy (BE) value for Sn 3d 5/2 peak stands at 485 eV. 41 Because of the shift in the BE value of the Sn 3d 5/2 peak by 0.77 eV, it can be suggested that Sn formed on the surface of Sn-4Ag-0.5Cu alloy might not be pure Sn. It has been reported 42 that the binding energy of Sn 3d 5/2 for SnO/Sn(OH) 2 is 485.7 eV, which is in agreement with the value of 485.8 eV measured by Ansell et al. 43 The XPS spectra for O 1s peak to the formation of oxide of Sn, namely SnO 2 . Chuang et al. 45 have noticed that for chemisorbed O 2 on the metal surface, the BEs are found to be in the region 530 to 530.9 eV. A BE value of 530.3 eV has also been established for O 1s peak of SnO 2 by Amanullah et al. 46 Thus, from the aforementioned literature studies it can be said the outer surface of Sn-4Ag-0.5Cu alloy might be composed of oxides of both SnO and SnO 2 .
The XPS spectra for Cl 2p [ Fig. 8(d) ] shows a lowresolution peak in the BE range of 185 to 204 eV. Presence of lower amount of Cl − thus reduces the amount of pitting on the surface of Sn-4Ag-0.5Cu alloy polarized to −335 mV (point D) as indicated in Fig. 6 earlier.
AES was used to examine the corrosion behavior of Sn-XAg-0.5 Cu alloy at specified potentials (potentials of interest) during the polarization studies. Among the Sn-XAg-0.5Cu alloys, Sn-4Ag-0.5 Cu alloy was selected for AES studies. Figure 9 (a) shows the AES depth profile results for Sn-4Ag-0.5Cu alloy polarized to the corrosion potential (−636 mV). The results reveal that the atomic concentration of Sn is around 40%, which slowly increases to 90% and further remains constant with increase in sputtering time to 600 s. This suggests that only a small amount of Sn has oxidized, and rest remains in the sputtered layers and forms the bulk of the alloy. Nevertheless, the atomic concentration of O is found to be around 60%, which decreases with an increase in sputtering time to 600 s. This may be caused by the presence of a high concentration of native oxide on the surface. No Ag or Cu appears on the surface of the alloy. However, at higher sputtering times some Ag is noticed in the layers. These results confirm that oxides of tin are only present on the surface of Sn-4Ag-0.5 Cu alloy at the corrosion potential.
The Auger depth profile result for Sn-4Ag-0.5 Cu alloy polarized to −335 mV (point D) is shown in Fig.  9(b) . The figure shows that the surface of the alloy is composed of 60% tin and around 40% oxygen in atomic concentration units. The atomic concentration of tin initially increases and then remains constant with increase in sputtering time to 600 s. The atomic concentration of oxygen, on the other hand, progressively decreases with gradual increase in sputtering time, indicating the presence of high concentration of native oxide on the surface than in the bulk. The atomic concentration of Cl − is found to be the lowest, which undergoes an initial rise and then forms a hump before decreasing. This low amount of Cl − is responsible for the slow pitting behavior on the surface of Sn-4Ag-0.5 Cu alloy at point D.
Finally, the Auger depth profile analysis was performed on Sn-4Ag-0.5 Cu alloy polarized to +110 mV, i.e., point E. The results are shown in Fig. 9(c) . It can be seen from the figure that the atomic concentration of Sn is around 40% on the surface of the alloy, which gradually increases and becomes maximum at a sputtering time of 150 s. The atomic concentration of Cl is found to be highest at 70 at.%, which progressively decreases with an increase in sputtering time, suggesting the presence of high concentration of chlorides on the surface. Oxygen is present in very low concentration on the outer surface of the alloy. From the results, it can be ascertained that Sn might react with Cl to form SnCl 2 or with both oxygen and chlorine to form SnOCl 2 . These results are consistent with our SEM and EDX results, mentioned previously.
IV. CONCLUSIONS
The corrosion behavior of Sn-XAg-0.5 Cu alloys was studied in 3.5% NaCl solution by means of potentiodynamic polarization measurements. The results show that the ability to passivate increases with an increase in Ag content beyond 2 wt%. The corrosion-current density and the corrosion rate of the alloy decreases with an increase in Ag content to 4 wt%. However, the linear polarization resistance (LPR) increases and the corrosion potential (E corr ) shifts toward more noble values. The surface analyses by XPS and Auger reveals that the outer surface of the passive layer is composed of a mixture of both SnO and SnO 2 . The presence of Cl − ion initiates pitting and results in the breakdown of the passive film. The breakdown potential (E bd ) is also found to shift toward more positive values with an increase in Ag content in the alloy.
